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Abstract 
In this study three different types of thermoplastics haven been investigated: polypropylene (PP, used in automotive industry), 
poly-ether-ether-ketone (PEEK, used in aerospace applications) and polyethylene (PE, used in medical applications). Surface 
preparation prior to thin film coating was realized using industrial plasma torch and ultra-short pulse laser. Whereas the plasma 
torch is a very cost efficient tool the laser light allows precise and localized surface modification. The adhesion measurements of 
an Al-film deposited on the substrate show that laser structuring can yield in a cohesive rupture. Adhesion can be increased by a 
factor of 4 to 7 with regard to conventional joining techniques. 
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1. Introduction 
Lightweight materials are focused as a growing industrial demand due to environmental and energy saving 
considerations. Thermoplastics and thermoset are thus widely used to be coated or joined with traditional materials 
(metals for example) that still afford the right function at the right and effective place in a materials assembly. 
However, relative low surface energy of polymeric substrates (1, 2) brings new challenges to the surface preparation 
needed before joining, coating, painting or even de-molding. Surface preparation before metal deposition ranges 
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from simple cleaning to complex chemical etching or mechanical structuring techniques. Laser structuring with 
short and ultra-short pulse lasers is getting an interesting alternative. Recent research projects target the use of laser 
technology to enhance assembly of metal-thermoplastic combinations. Plasma treatments are another alternative to 
traditional chemical treatments which can be cost effective for adhesion on polymers (3, 4), moreover in their 
atmospheric mode (5). This study focuses on both laser structuring and atmospheric plasma treatment as 
pretreatment technologies to offer dry, sustainable and reproducible processes for surface preparation. The resulting 
effects of roughness modification, texturing and activation will be presented and associated for discussion. 
2. Materials and methods 
2.1. Materials 
For the investigations three thermoplastic materials were used which were received as 8 mm thick sheets from 
OTMT (polyethylene PE and polypropylene PP) and ENSINGER (poly-ether-ether-ketone PEEK) that were cut into 
samples of  3cm x 7cm.  
Two different surface roughness levels were defined: a smooth reference state and an abraded state. The surface 
roughness was evaluated with an Alpha-Step D-120 profilometre of the KLA-Tencor series. The arithmetic average 
roughness, Ra, was chosen as the representative roughness parameter. The Ra is the mean of 4 measurements made 
in two perpendicular directions. 
‘Reference’ samples were created by polishing with abrasion discs until the average roughness Ra was less than 
50nm. Abraded samples were obtained by polishing steps which led to an average Ra > 500nm. Unless any other 
information, all treatments and analyses were carried out with 5 identical samples. 
2.2. Wettability and surface free energy 
Contact angle measurements were performed using the sessile drop technique to determine the wettability of the 
surface. Single drops (3μl) of water were placed on the surfaces of the samples. The Water Contact Angles (WCA), 
ș, of the droplets were calculated based on the diameter, D, and the height, h, of the droplet on the surface according 
to the following equation (6) 
 
ș = 2 arctan (2h / D). 
 
The measurements were taken 10 seconds after the drop has made contact with the surface. The average values of 
8 drops were used; the standard deviation was approximately 1° for the drop angle measurements. In the case of Fig. 
1, the surface energies were calculated using the Owens-Wendt method (2) which was applied with two reference 
liquids, a polar one (distilled water) and an apolar one (diiodomethane). The samples were rinsed with pure alcohol 
prior to the measurement, except if they were treated with atmospheric plasma. 
2.3. Atmospheric plasma surface treatment 
Atmospheric plasma treatments were applied using the Ultra-Light System arc plasma torch from AcXysTM. The 
discharge was obtained by introducing filtered air into two cylindrical concentric electrodes and applying a high 
voltage (1.5kV) and low frequency power (100kHz). The air inlet pressure was 4bar. An outlet in the outer electrode 
creates an afterglow region at a nozzle exit. This discharge is under non-local thermodynamic equilibrium (non-
LTE) and hence produces a cold plasma (7), which can be applied on heat-sensitive substrates such as polymers. 
The afterglow, which is used for treatments, contains activated neutral and metastable species but is devoid of ions, 
which ensures that the effects on the surface are mainly chemical in nature. The temperature at the nozzle exit does 
not exceed 200°C. The atmospheric plasma surface activation process was optimized to maximize the effect of the 
treatment on the sample surface while preventing thermal degradation.  
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Fig. 1. Drawing of the gap between nozzle and surface and its effect area reported as surface energy versus lateral distance to the torch axis 
(position). 
 
Fig. 1 shows the effect of a single strip of the plasma torch on the surface by measuring the surface energy at 
several positions versus lateral distance to the torch axis. Depending on operating plasma parameters which were all 
investigated in a previous study (8), the surface free energy typically increases from 40 mJ/m2 for the unaffected 
area to 65 mJ/m2 for the treated area due to the increase of the polar surface energy component. This reveals an 
activation of the surface which is efficient over a width of 12-14 mm per scan. The effect of the treatment was 
evaluated by measuring the wettability. Additionally, the roughness was measured to check the possibility of 
thermally induced roughening of the surface. Ageing plasma treatment was investigated by introducing a 10 day 
delay for some plasma treated samples before deposition. 
Atmospheric plasma treatments were applied using the Ultra Light System arc plasma torch from AcXysTM. The 
discharge was obtained by introducing filtered air into two cylindrical concentric electrodes and applying a high 
voltage (1.5kV) and low frequency power (100kHz). The air inlet pressure was 4bar. An outlet in the outer electrode 
creates an afterglow region at a nozzle exit. This discharge is under non-local thermodynamic equilibrium (non-
LTE) and hence produces a cold plasma (7), which can be applied on heat-sensitive substrates such as polymers. 
The afterglow, which is used for treatments, contains activated neutral and metastable species but is devoid of ions, 
which ensures that the effects on the surface are mainly chemical in nature. The temperature at the nozzle exit does 
not exceed 200°C. The atmospheric plasma surface activation process was optimized to maximize the effect of the 
treatment on the sample surface while preventing thermal degradation.  
2.4. Laser texturing 
Laser texturing was applied in order to etch a 30mm x 30mm square grid pattern with 0°/90° straight lines spaced 
by a constant ‘d’ either with  either d = 50μm or d = 200μm. The pattern type considerably affects the result in terms 
of adhesion and it has to be selected between structures as different as bioinspired pillars (9, 10), regular holes (11) 
or straight lines for adhesion enhancement (12) tribological (13) or other superhydrophobic (14) or superhydrophilic 
(15) purposes. The Laser source used to texture the substrate has a wavelength of Ȝ = 355nm, a repetition rate of 
10kHz, a pulse duration of 33 ± 10ns and a pulse energy of 10W. Only one scan of the laser was applied to avoid 
thermal degradation of the samples.  
Fig. 2 presents the Scanning Electron Microscopy observations of an example of the patterned surface with very 
regular ablation lines of 25μm width and 36μm height obtained in the case of 50μm spacing.  
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Fig. 2. SEM photograph of the laser ablation lines in the case of 50μm spacing: the etching is 25μm width and 36μm deep.  
2.5. Thermally evaporated thin films 
Aluminum thin films were grown on the polymer surfaces from aluminum wires using an Alcatel thermal 
evaporator. The setup initial vacuum was 5u10-6mbar, and the pressure did not exceed 10-5mbar during the 
deposition. For each condition of treatment, aluminum films with a thickness of 1Pm ± 10% were deposited 
simultaneously on the 5 specimen to ensure identical growth conditions. The aluminum films were optically flat 
with a metallic aspect. The thickness dispersion between the center and the edges of a sample was less than 5%. 
2.6. Pull-off test 
The pull-off test has been developed in our team and details are given in Ref. (8). In this study, pull-off tests were 
performed as illustrated in Fig. 3. At least 5 specimens were tested, and the resulting pull strengths were averaged. 
Aluminum dollies that were 2 cm in diameter were glued to the metallic coating with an epoxy adhesive (Araldite 
2011, bi-component epoxy resin supplied by Huntsman. A special hanger allows for the aluminum dolly to be freely 
linked to the top of this assembly where a 14mm diameter ball joint supplied by Mycelium Roulement (France) 
allows the system to freely rotate on each axis. The whole assembly is inserted into the upper strength cell of an 
Instron 4204 tensile tester system. Two aluminum rods hold the substrate in place at the bottom. Tensile 
experiments were performed with a 50kN strength cell at a constant speed of 3mm/min. 
 
 
 
 
 
 
 
 
 
 
 
                        
Fig. 3. Pull-off test assembly as inserted into the tensile tester. 
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Fig. 6.  
Fracture surface types between aluminum coating and PEEK                                
surfaces after pull-off test.                                                                                
(a) reference surface (Ra < 50 nm) (b) abraded surface ( Ra> 500 nm) 
3. Results and discussion 
3.1. Abrasion 
Fig. 4 exhibits Water  Contact Angles (WCA) on PE, PP and PEEK for reference surfaces (Ra< 50 nm) as 
compared to abraded surfaces (Ra> 500 nm). All abraded surfaces are observed to become more hydrophobic. 
Adhesion of an aluminium thin coating on these abraded surfaces is much higher whatever the polymer as indicated 
in Fig. 5. Abrasion increases the adhesion strength by a factor of 3 to 5 on average.  
 
 
 
 
 
 
 
 
 
Fig. 4.  
Effect of abrasion on water contact 
angle WCA for PE, PP and  
 
 
 
 
 
 
 
 
 
Fig. 5.  
Effect of abrasion on the adhesion 
strength between an aluminum thin 
film and PE, PP and PEEK substrates 
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The inspection of the fracture surfaces on Fig. 6 shows that the failure was mainly adhesive in the case of 
reference surface (polished, Ra < 50nm) while some aluminum particles remained at the surface on abraded surface 
(Ra > 500nm). Pure interfacial fracture (Fig. 6a) indicates no adhesion based on non-sufficient either mechanical or 
chemical interactions. In the case of abraded surfaces (Fig. 6b), mechanical interlocking could take place, leading to 
some interactions between coating and substrate which strengthens intrinsic and thus practical adhesion. This 
phenomenon reflects the increase of both mechanical anchor sites and contact surface area (16) (17) due to the 
topographical increase of abraded surfaces and could be explained by the Wenzel model of adhesion (18). 
3.2. Atmospheric plasma treatment 
Fig.s 7 and 8 show the effect of the plasma torch treatments on the reference surfaces in the cases of PE, PP and 
PEEK. The water contact angles drop significantly in each case, leading to higher surface energies as already 
reported in previous studies. In the cases of PE and PEEK, these higher surface energies (typically 70 mJ/m2) allow 
to strongly increase the adhesion strength as shown in Fig. 8. This is mainly due to activation with the formation of 
carbonyl type species that allow new and stronger C-O-Al bounds in the interphase area (19, 20). 
As an exception, in the case of PP, the adhesion increase is not as evident even if it is increased by a factor 2 on 
average. This is due to the fact that the activation is not as efficient on such a substrate as shown in (21). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Effect of atmospheric plasma treatment on water contact angle for PE, PP and PEEK surfaces. 
Ageing of the plasma treatment on these samples was studied with pull-off tests carried out on coatings deposited 
10 days after the plasma treatment was done. Results are illustrated by the third value for each substrate on Fig. 8. 
After such a time between plasma treatment and coating, the effect of activation was mainly cancelled and the 
adhesion strength returns to its original level whatever the thermoplastics substrates. This effect let us think about a 
pure chemical effect induced by the plasma treatment, eradicating any plasma induced roughness which could have 
participated to the adhesion increase since an adhesion increase should remain.  
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Fig. 8. Effect of atmospheric plasma treatment on the adhesion strength between an aluminum thin film and PE, PP and PEEK substrates. 
3.3. Laser texturing 
As indicated in 2.4. two different types of laser texturing were applied in order to obtain a square grid pattern 
with 0°/90° straight lines spaced by 50μm or 200μm. The details of these structures can be seen in Fig. 9. 
Fig. 9. SEM micrographs showing laser texturing effect on PE, PP and PEEK substrates versus spacing of 50Pmor 200 Pm. 
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Fig. 10. Effect of laser texturing on Water Contact Angle for PE, PP and PEEK surfaces. 
Laser texturing with both spacings (50Pm and 200Pm) increase the water contact angles independently of the 
polymer.  
 
Fig. 11. Effect of laser texturing with two different spacings on the adhesion strength between an aluminum thin film and PE, PP or PEEK 
substrates as compared to reference samples. 
 
In the case of PE, the adhesion strength of an aluminum coating is multiplied by a factor of about 6 independent 
of the spacing. In the case of PP, despite the WCA increase, the adhesion strength drastically drops to near zero.  
This unexpected result is a consequence of beads formed during laser ablation by re-deposition of molten 
particles from metallic substrates (22, 23). These beads should be avoided by adjusting the laser parameters.  
In the case of PEEK, the adhesion strength is multiplied by a factor of about 8 related to the reference surface in 
the case of a 50Pm-spacing. The fracture is mainly cohesive (Fig. 12) and shows a displacement of the weaker area 
from the interface to the bulk material. 
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Fig. 12. 
Cohesive fracture after pull off test carried out on aluminum thin film deposited  
on textured PEEK with a 50μm spacing. 
 
3.4. Synthesis 
Fig. 13 reports the main results for the adhesion strength measured after pull-off test of the aluminum coating on 
PE, PP and PEEK substrates with the different pretreatments.  
Mechanical abrasion with an average surface roughness Ra of around 500nm allows the adhesion strength of the 
aluminum coating to be extended by a factor 4 to 5. This has been discussed and explained as an anchoric effect due 
to mechanical adhesion mechanism. In that case, increasing the surface topography leads to adhesion enhancement. 
Atmospheric plasma treatment of PE and PEEK substrates enhances this adhesion strength directly from the 
smooth reference surface by a factor of 8 to 9 without the help of any abrasion or roughening step. In the case of PP, 
abrasion seems to be much more effective, even if plasma activation can enhance the effect. In the case of 
atmospheric plasma treatment and with the help of ageing results as previously discussed, a pure chemical effect 
(bonds modification) is at the origin of adhesion enhancement. Thus, topographical (abrasion) and chemical (plasma 
treatment) effects can then be studied together to choose or cumulate the effect for adhesion improvement. 
Laser texturing directly increases the adhesion strength by a factor of about 8 in the case of PEEK treated by a 
laser ablation carried out with a 50Pm spacing. For PP more appropriate laser structuring parameters have to be 
found. This is the result of precise and focalized topographical modifications on the surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Comparison of the adhesion strength of an aluminum coating after different surface preparations:  abrasion, atmospheric plasma 
treatment on reference surface, atmospheric plasma treatment on abraded surface and laser texturing with a 50m and 200m spacing for PE, PP 
and PEEK.(except texturing results on PP as previously discussed in 3.3).  
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4. Conclusions 
Laser structuring and plasma treatment have been studied as pretreatments for polymer substrates with the aim to 
increase the adhesion strength of an aluminum thin film coating as compared to traditional roughening methods. 
In the cases of PE and PEEK surfaces, atmospheric plasma treatment is very effective either on smooth 
(nanometer scale) or rough (micrometer scale) surfaces. The activation mechanism induced by the plasma can 
conveniently replace the abrasion process. On PP surfaces, roughening seems to be the main way to choose even if 
plasma activation could enhance a little bit the final adhesion.  
Laser texturing largely increases the adhesion compared to roughening if laser parameters are well adjusted (PE 
and PEEK in this study). Mechanical adhesion mechanisms which are better controlled with precise and focalized 
laser ablation could also be optimized and studied together with plasma activation. These first results show 
alternative ways for surface preparation. According to the respective material and the industrial criteria the dry 
surface preparation technology can be chosen. Further investigations are required to better identify the appropriate 
laser parameters to optimize the laser surface preparation process. 
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